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Abstract 18
A  molecular  procedure  was  developed  to  detect  and  quantify  larvae  of  different  19
strongylid parasite species recovered from pasture samples. Two lamb flocks (L and S)  20
grazed separate paddocks with different natural larvae challenges (one low [Paddock L] 21
and one high [Paddock S] challenge) on a commercial farm in Western Australia. Pasture  22
samples  were  collected  and  analysed  for  larvae  on  9  separate  occasions  from  each  23
paddock. Pregnant  Merino ewes were sampled on 3 separate occasions (2 pre-partum  24
and 1 post-partum). Following lambing, 203 female crossbred lambs were identified, from  25
which faecal samples were collected across five separate samplings. Lamb production and  26
faecal attributes were recorded. Genomic DNA was extracted directly from lamb faeces, in  27
addition  to  the  genomic  DNA  extracts  from  strongylid  larval  species  recovered  from  28
pastures. Faecal  worm egg counts (FWECs) were undertaken. Species-specific qPCRs 29
and conventional PCRs (ITS-2 nuclear ribosomal DNA) were used to screen samples for  30
strongylid species (T. circumcincta, Trichostrongylus spp., H. contortus, C. ovina and O.  31
venulosum).  32
Negative  correlations  (r
2>0.91)  were  found  between  qPCR  Cq  values  and  log- 33
transformed pasture larval counts for Trichostrongylus spp. and T. circumcincta. Moderate  34
levels  of  agreement  between  pasture  larval  counts  and  qPCR  results  were  observed  35
(67%). 36
A clear difference in pasture larval challenge levels was observed between the two  37
flocks  using  both  qPCR  and  conventional  pasture  larval  counts. It  is  difficult  to  draw 38
conclusions on the production performances of lambs from the two experimental flocks, as  39
no further replicates were able to be conducted following this experiment. Flock L had  40
higher dressing percentages than Flock S (P=0.038), along with significantly higher faecal  41
consistency and breech fleece faecal soiling scores at successive samplings. 42Page 3 of 46
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The molecular procedures utilised in this study have the potential to be beneficial  43
for  livestock  grazing  management  strategies  and  parasite  surveillance,  however  further  44
investigation is necessary before they can become part of routine diagnostics. 45
Keywords: Strongylid larvae; Pasture larval count; Innovative pasture larvae  46
identification; qPCR; Sheep; production. 47
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1. Introduction 48
Strategic  management  and  control  of  strongylid  parasites  in  commercial  sheep  49
enterprises is critical because of the income loss associated with reduced flock productivity   50
(Sackett  et  al.,  2006).  The  most  economically  important  sheep  strongylid  species  in  51
southern Australia are Trichostrongylus spp., Teladorsagia circumcincta and Haemonchus  52
contortus  and  to  a  lesser  extent  Chabertia  ovina, Oesophagostomum  spp.  and  53
Nematodirus spp. (Besier and Love, 2003; Woodgate and Besier, 2010). Accurate and  54
reliable species diagnosis and quantification of strongylid infections are both essential for  55
the development of effective control programs (Coles et al., 2006; Woodgate and Besier,  56
2010). Providing estimates of the number and species of larvae on pastures, along with  57
species and worm burden estimates in lambs, are both important for the management and  58
control of sheep parasites. Rapid identification of highly pathogenic strongylids from both  59
lambs and pastures would aid grazing management, enhance the development of strategic  60
anthelmintic treatment programs, assist with monitoring resistance for anthelmintic efficacy  61
trials and improve the surveillance of strongylids across different geographical regions. 62
Assessment of the number and species of strongylid larvae on pastures, is typically  63
performed either by direct quantification of larvae recovered from pastures through pasture  64
larvae counts, or by introducing worm-free ‘tracer’ sheep to a flock for a short period and  65
then  conducting  faecal  worm  egg  counts  (FWECs)  or  post-mortem  total  worm  counts  66
(Martin et al., 1990). Pasture larval counts are time consuming (7–10 days to perform),  67
labour intensive and costly. The latter ‘tracer’ sheep method has the advantage of ‘tracer’  68
animals mimicking the grazing patterns of the resident flock. However, faecal sampling the  69
‘tracer’ animals is particularly difficult to perform in a paddock situation, total worm counts  70
require the sacrifice of sheep  and not all larvae ingested by sheep develop into adults  71
(Dobson et al., 1990; Martin et al., 1990).  72Page 5 of 46
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The diagnosis and/or quantification of parasitic infection by use of DNA-based tests  73
is increasing (Hunt, 2011), with recent molecular diagnostic techniques utilised to detect  74
strongylid species in sheep. These techniques involve genomic DNA extracted using either 75
worm eggs that have been column-purified from faeces (Bott et al., 2009; Roeber et al.,  76
2011) or extraction directly from unprocessed faeces (Sweeny et al., 2011a). The DNA  77
was then screened using previously developed strongylid specific-specific primers (Bott et  78
al., 2009).   79
The aims of this study were to: (1) utilise both qPCR and conventional PCR assays  80
to  detect  multiple  strongylid  species  from  genomic  DNA  extracted  directly  from  lamb  81
faeces and material recovered from a modified pasture washing protocol, (2) develop and  82
test a qPCR diagnostic method for the identification and quantification of strongylid larvae  83
species recovered from pastures, (3) compare differences in internal parasite prevalences  84
and species/genotypes between flocks and (4) review lamb productivity performances and  85
faecal attributes within each flock. 86
87
2. Materials and Methods 88
2.1 Study sites and anthelmintic treatments 89
This experiment was approved by the Murdoch University Animal Ethics Committee  90
(permit R2236/09). The two sheep flocks in this study were located ~350–400km south of  91
Perth in separate paddocks on the same property. The farm was in Frankland (32.55
o S,  92
116.87
o E), which is ~360km south-east of Perth, in a region of Western Australia that  93
experiences a Mediterranean environment (hot, dry summers and cool, wet winters) (Hill et  94
al., 2004; Moeller et al., 2008). Average annual rainfall was ~550mm.  95Page 6 of 46
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The  first  paddock (Paddock  S)  was 24 hectares  and had a ‘standard’ strongylid  96
larvae  challenge  (Flock  S).  Standard  is  defined  as a  typical  pasture  larvae  challenge, 97
which confronted sheep placed in Paddock S, that had been grazed by pregnant ewes and  98
lambs the previous year (a common sheep production practice in Australia that contributes  99
to larval contamination of pasture). Merino ewes in this present study (n=390 ~6 years old)  100
grazed  the  paddock  from  February  2011  onwards (following  joining/mating  with  Suffolk  101
rams).  102
The second paddock (Paddock L) was 18 hectares in area and not located directly  103
adjacent to Paddock S (~2km away). Paddock L was managed to minimise the natural  104
strongylid larvae challenge in 2011 (low natural strongylid larvae challenge). In 2009 this  105
paddock was used for cropping with a cereal grain (barley) and adult wethers grazed the  106
crop residues during November and December. In 2010, the paddock was left un-grazed  107
to  allow  pasture  regeneration  without  livestock.  In  early  July  2011,  the  flock  grazing  108
Paddock S was split, whereby 180 of the 390 pregnant ewes on Paddock S were randomly  109
selected, treated  with an anthelmintic (2.5mg monepantel/kg of live weight Monepantel,  110
Zolvix, Novartis Australia), administered according to the heaviest ewe live weight) and  111
introduced to Paddock L.  112
The  dry  sheep  equivalents  per  hectare  (DSE/ha)  2011  winter  stocking  rates  for  113
Flocks S and L were 21.1 DSE/ha and 20.7 DSE/ha, respectively (McLaren, 1997). No  114
cattle  or  goats  were  present  on the  property.  The  major  plant  species present  in both  115
paddocks consisted primarily of annual rye-grass (Lolium spp.) and sub-terranean clover  116
(Trifolium subterraneum). Feed on offer (FOO) was calculated for each paddock for each  117
of  the  eight  faecal  sampling  occasions  (Table  1)  (Australian  Wool  Innovation,  2007).  118
Pasture  quality  was  analysed  by  FeedTest  (Australian  Wool  Testing  Authority  Ltd  - 119
Agrifood Technology, Victoria Australia) and results are shown in Table 2.    120Page 7 of 46
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2.2 Animals, sample collection and measurements 121
The  pregnant  Merino  ewes  were  sampled  16 weeks  pre-partum  (March  2011,  122
before flock split), 2 weeks pre-partum (July 2011; one week after the combined flock was  123
split) and 4 weeks post-partum (August 2011) (Table 1). A total of 50 faecal samples were  124
collected from each flock (S and L) at all these sampling occasions, except for the first  125
sampling (16 weeks pre-partum) when 100 faecal samples were collected from the flock 126
(n=390), before it was split into two separate flocks (Table 1).  127
Each flock of lambs was raised on a single paddock (S or L). Following lambing, 128
102 and 101 crossbred female lambs from Flocks S and L respectively, were randomly  129
selected and identified with both a numbered and a radio-frequency ear tag at marking.  130
Faeces were collected directly from the rectum using fresh latex gloves to prevent cross  131
contamination between faecal samples. Lambs were yarded for weighing, assessment of  132
breech  fleece  faecal  soiling  and  faecal  sample  collection  on  five  separate  sampling  133
occasions (Table 1). 134
Faecal samples were collected from lambs during lairage at the final sampling, ~12  135
hours before the lambs were slaughtered. Totals of 102 and 101 lambs from Paddock S  136
and L respectively, were sampled on all five sampling occasions. All faecal samples were  137
placed in individually labelled, airtight 70mL containers and transported to the laboratory  138
within 6 hours of collection. Faecal samples were stored at 2–4
oC and genomic DNA was  139
extracted  from  each  sample  within  7  days  of  collection.  The  transport  and  storage  140
practices utilised in this study were consistent with other similar studies that used PCR to  141
detect these parasites (Yang et al., 2009; Ng et al., 2010a; 2010b; Robertson et al., 2010). 142
Lamb  live  weight  was  recorded  at  all  five  samplings.  Body  condition  score  was  143
recorded  at  the  last  four  samplings  by  using  a  scale  that  ranged  from  1  (very  thin,  144
emaciated)  to  5  (excessively  fat)  (Sutherland  et  al.,  2010).  Faecal  attributes  were  145Page 8 of 46
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measured at all samplings. Faecal consistency score (FCS) was measured using a scale  146
of  1  (hard,  dry  pellet)  to  5  (liquid/fluid  diarrhoea),  previously  described  (Greeff  and  147
Karlsson,  1997;  Le  Jambre  et  al.,  2007).  Faecal  dry  matter  percentage  (FDM%)  was  148
measured on fresh faeces that had been stored in air tight containers for approximately 24  149
hours using methods described by the Association of Official Analytical Chemists (AOAC,  150
1997). Breech fleece faecal soiling score was recorded at the final four samplings (prior to  151
crutching; removal of faecal soiled fleece from the breech area of lambs). Breech faecal  152
soiling was measured using a scale of 1 (no evidence of breech fleece faecal soiling) to 5  153
(very severe breech fleece faecal soiling extending down the hind legs to, or below the  154
hocks). A graphical illustration of these breech fleece faecal soiling scores is available in  155
the Australian Wool Industry’s Visual Sheep Score booklet (Australian Wool Innovation et  156
al., 2007). 157
Lambs  were  slaughtered  at  a  commercial  abattoir.  Standard  hot  carcase  weight  158
(HCW) was recorded for all lambs. Carcase fat score was recorded on a scale of 0 (very  159
lean) to 5 (excessively fat) (Hopkins, 1992). 160
2.3 Lamb management and anthelmintic treatment 161
Lambs were treated with an anthelmintic (2mL/10kg of animal live weight [0.2mg  162
abamectin/kg  of  live  weight]  Paramectin  Mineralised,  Jurox,  Australia,  administered  163
according to the heaviest lamb live weight) following the third sampling (Table 1). Lambs  164
were weaned from their mothers back onto their respective trial paddocks (S or L) also  165
after  the  third  sampling. Approximately  100  g/head/day  of  a  supplementary  feed  grain  166
mixture (comprising  35% lupins and 65% oats) was given to each lamb flock following  167
weaning. Lambs were shorn 14 days prior to the fourth sampling. Lambs were held off  168
feed overnight before being weighed and then transported to a commercial abattoir for  169
slaughter. 170Page 9 of 46
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2.4 Faecal worm egg counts 171
Within  2  days  of  faecal  collection,  FWECs  were  performed  using  a  modified  172
McMaster technique (Lyndal-Murphy, 1993). Two grams of faeces were used from each  173
sample and each egg counted represented 50 eggs/g of faeces. An insufficient quantity of  174
faecal material was collected in some samples at the first sampling occasion and as a  175
result  some  FWEC  data  were  missing  for  some  animals  at  this  sampling.  Following  176
counting of  strongylid worm eggs, a search for coccidia  oocysts was conducted in one  177
quarter of a counting chamber to determine if the lamb/sheep were infected with Eimeria 178
(Lyndal-Murphy, 1993). 179
2.5 Pasture collection and pasture larval counts 180
Pasture grazed from Paddocks S and L on the Frankland property was collected  181
from 200 sites at roughly equal distances along a W-shaped transect (Taylor, 1939; Martin 182
et al., 1990). Four “plucks” of pasture were collected at each site from in front, behind, left  183
and  right  of  the  sampler.  Duplicate  pasture  samples  (two  sets  of  four  “plucks”)  were  184
collected at the sampling sites of both paddocks. Where possible, “plucks” did not include  185
roots, soil or faeces. Pasture was kept at 2–4
oC until processed. Pasture samples were  186
collected on nine different occasions (Table 3). Pasture larval counts were conducted by  187
Animal Health Laboratories, at the Department of Agriculture and Food (Albany, Western  188
Australia) using the method described in the Animal Health Laboratory Research Methods  189
(Animal Health Laboratories, 2005) and modified according to a previous study (Martin et  190
al., 1990). This technique detects all three strongylid nematode larval stages (L1, L2 and  191
L3). 192
2.6 Modified strongylid larvae identification procedure 193Page 10 of 46
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A modified method was developed to detect and quantify different strongylid larvae  194
species recovered from pasture. This procedure involved collecting pasture/grass samples  195
as described in the ‘pasture larvae counts’ section (Taylor, 1939; Martin et al., 1990). The  196
sample was emptied into a 300µm nylon cylindrical mesh bag and the top of the nylon bag  197
was then secured tightly using a cable tie. The bag was then placed inside the pasture  198
washer (Fig. 1) and a total of 60L of water (laboratory sourced) was added to the pasture  199
washer, along with 3g of Pyroneg detergent (Johnson Diversey, Manukau, New Zealand).  200
The nylon bag had an internal steel frame with a T-piece handle at the top, which allowed  201
the  sample  to  be  gently  agitated  each  hour  for  ~60  seconds.  The  submerged  pasture  202
sample was soaked for 6 hours.  203
After soaking, the water was released using a ball valve situated at the bottom of  204
the  washer.  The  water  passed  through  300mm  of  100mm  PVC  pipe  containing  two 205
stainless steel sieves, with apertures of 75µm and 25µm, respectively. Once all the water  206
had been drained through the sieve, this 300mm bottom section of pipe holding the sieves 207
was removed and using a fine jet of distilled water, the material caught by the sieves was  208
washed  into  a  50mL  centrifuge  tube.  The  pasture  washer  was  refilled  and  drained  a  209
second time. The pipe holding the sieves was again removed, with the material caught  210
washed from the sieve using a fine jet of distilled water into the same 50mL centrifuge  211
tube.  The  50mL  centrifuge  tube  was  then  centrifuged  at  1150  g  for  15  minutes.  The  212
supernatant was removed without disturbing the centrifuged pellet, which was separated  213
into 10 separate equal sub-samples in separate 1.5mL Eppendorf tubes. The 10 tubes  214
were centrifuged at 10000 g for 1 minute and any remaining fluid was removed following  215
centrifugation. Genomic DNA was extracted from each pellet (weighing ~300mg) with the  216
Power  Soil  DNA  Isolation  Kit  (MO  BIO  Laboratories,  Inc.;  2746  Loker  Avenue  West;  217
Carlsbad, CA 92010) using the modified protocol (Sweeny et al., 2011b). 218Page 11 of 46
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A spike analysis was conducted, whereby pasture/grass samples were collected as 219
described in the ‘pasture larvae counts’ section (Taylor, 1939; Martin et al., 1990) from  220
areas  without  any  grazing  livestock.  These  samples  were  then  spiked  with  known  L3 221
quantities (n = 8, 40, 80, 200, 400, 1000) of either T. circumcincta (sample code OcNB1.2)  222
or T. colubriformis (sample code Tc14). Following pasture washing and filtration (using the  223
modified  strongylid  larvae  identification  procedure  detailed  above),  genomic  DNA  was  224
extracted  with  Power  Soil  DNA  Isolation  Kits  (MO  BIO  Laboratories,  Inc.;  2746  Loker  225
Avenue West; Carlsbad, CA 92010) using the modified protocol (Sweeny et al., 2011b).  226
Pasture dry matter percentage was calculated following larvae recovery to determine the  227
number of larvae/kg of pasture dry matter. 228
2.7 Genomic DNA extraction 229
A  total of 1315 faecal samples (300 from  pregnant ewes and 1015  from  female  230
lambs) were collected. A sub-sample was taken from the centre of each faecal sample.  231
Sub-samples  were  weighed  (250–300mg)  and  genomic  DNA  was  extracted  using  the  232
Power  Soil  DNA  Isolation  Kit  (MO  BIO  Laboratories,  Inc.;  2746  Loker  Avenue  West;  233
Carlsbad,  CA  92010).  Minor  modifications  to  the  manufacturer’s  protocol  were  made  234
(Sweeny  et  al.,  2011b). After  elution,  DNA  was  stored  at  –20
oC  until  used.  Negative  235
controls  (known  negative  faecal  sample)  and  positive  controls  (known  negative  faecal  236
samples  spiked  with  either  a  100µL  suspension  containing  one  of  the  five  strongylid  237
species  [T.  circumcincta,  Trichostrongylus  spp.,  H.  contortus,  C.  ovina  and  238
Oesophagostomum spp.]) were produced.  239
2.8 Strongylid species qPCR amplification  240
The qPCR assays were conducted on a Rotor-Gene6000 Cycler (Qiagen, Hilden, 241
Germany).  Faecal  and  pasture  genomic  DNA  extracts  were  screened using  primers,  242Page 12 of 46
Accepted Manuscript
Page 12 of 12
protocol and thermocycling conditions for the strongylid species; Trichostrongylus spp., T. 243
circumcincta and H. contortus, C. ovina and Oesophagostomum venulosum (Bott et al.,  244
2009). The thermocycling conditions used for the qPCR assays are presented in an earlier  245
study, however 40, instead of 35 cycles were used (Bott et al., 2009). The qPCR reactions  246
contained 1 µL of DNA in a 25 µL reaction containing 5 x KAPA Taq Buffer, 2.5mM MgCl2,  247
0.4  mM  dNTPS,  0.80  µM  of  each  primer  and  0.05U/µL  of  KAPA HotStart  Taq  (Kapa  248
Biosystems,  Cape  Town,  South  Africa). For  any  samples  that  were  McMaster  FWEC 249
flotation  positive  (≥50  egss/g)  and  PCR  negative  or  pasture  larval  count  positive  (>0  250
larvae/kg of pasture dry matter) and PCR negative, five separate aliquots (10 µL) of the  251
sample were spiked with 1 µL purified DNA from each of the five strongylid species (T.  252
circumcincta,  Trichostrongylus spp.,  C.  ovina,  O.  venulosum and  H. contortus). A  1 µL  253
aliquot from each of the spiked 15 µL mixtures was then re-screened using qPCRs to test  254
for inhibition. 255
The cycle number at which the fluorescence threshold was exceeded (Cq) for each  256
sample  was  established  by  setting  threshold  lines  and  calculating  the  intersection  with  257
each of the sample curves (Bustin et al., 2009a; Bustin et al., 2009b; Taylor et al., 2010).  258
Samples that crossed the threshold before 40 cycles were classified as positive. Positive  259
controls and negative controls (no DNA), were included in each run (Bustin et al., 2009a;  260
Bustin et al., 2009b).  261
Using the modified Power Soil DNA Isolation Kit modified protocol (Sweeny et al.,  262
2011b), genomic DNA was extracted from 250-300 mg of pasture samples spiked with 263
known numbers of strongylid L3 (n = 8, 40, 80, 200, 400, 1000) containing whole L3 from  264
only  one  strongylid  species  (either T.  colubriformis  or T.  circumcincta).  DNA  265
concentrations  were  determined  using  the  NanoDrop  ND-1000  Spectrophotometer  266
(Thermo  Scientific).  Positive control  samples were serially diluted from  10
5 pg genomic  267Page 13 of 46
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DNA/µL to 10,000, 1000, 100, 50, 10, 5, 2, 1 and 0.1 pg/µL to determine the minimum  268
amount of genomic DNA required for successful qPCR amplification. 269
2.9 PCR amplification from pasture and faecal samples 270
Pasture  larval  DNA  extracts  that  were  qPCR  positive  for  any  strongylid  species  271
were re-screened using species-specific primers in conventional PCR assays (Bott et al.,  272
2009) to confirm any qPCR positive identification. 273
2.10 Sequence and phylogenetic analyses  274
Positive  strongylid  (ITS-2  rDNA) PCR  products  isolated  were  purified  using  an  275
UltraClean
TM DNA Purification Kit (MO BIO Laboratories, Inc.; 2746 Loker Avenue West;  276
Carlsbad, CA 92010) and sequenced using an ABI Prism Terminator Cycle Sequencing Kit  277
(Applied Biosystems) on an Applied Biosystem 3730 DNA Analyzer. Sequence searches  278
were conducted using BLAST
1 and nucleotide sequences were analysed using Chromas  279
Lite version 2.0
2. Nucleotide sequences were analysed using Chromas Lite version 2.0  280
(http://www.technelysium.com.au)  and  alignment  confirmed  with  reference  isolates  from 281
from  GenBank  using  Clustal  W  (http://www.clustalw.genome.jp). Strongylid  sequences 282
from genomic DNA extracted from material recovered using the modified strongylid larvae  283
identification  procedure,  were  aligned  with  reference  species  to  confirm  positive  284
identification for H. contortus, T. circumcincta, Trichostrongylus axei, T. colubriformis, C.  285
ovina, O. venulosum or O. columbianum (GenBank AJ57746.1, AJ577463.1, AY439026.1,  286
EF427624, AY439021.1, Y10790.1 and AJ006150, respectively) using Clustal W
3. 287
2.11 Statistical analysis  288
                                           
1 See: http://blast.ncbi.nlm.nih.gov/Blast.cgi.
2 See: http://www.technelysium.com.au.
3 See: http://www.clustalw.genome.jp.Page 14 of 46
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Statistical analysis was performed using SPSS Statistics 17.0 (Statistical Package  289
for the Social Sciences) for Windows  (SPSS inc. Chicago, USA). Parasite prevalences  290
(including 95% confidence intervals [CI]) at each sampling occasion and overall (lambs  291
positive for a parasite on one or more sampling occasions) were calculated using the exact  292
binomial method (Thrusfield, 2007). The FWEC data were categorised as positive (FWEC 293
≥50 eggs/g) or negative (no strongylid eggs detected). To assess the level of agreement  294
between the McMaster FWEC and qPCR results, along with pasture larvae counts and  295
qPCR  results,  Cohen’s  Kappa  (κ)  statistic  was  calculated  at  each  sampling  occasion, 296
overall for each farm (all five samplings combined) and overall for the entire study (both  297
farms combined). Categorical data were analysed to test the level of agreement between  298
FWEC (FWEC≥50 eggs/g) and qPCR results (positive vs. negative), along with pasture  299
larval  counts  (positive  if  larvae  were  detected  and  negative  if  no  larvae  detected)  and  300
qPCR results.  301
Categorical  data  between  the  two  flocks  (parasite  prevalences)  were  compared  302
using Pearson’s chi squared or Fisher’s exact two-sided test for independence.  303
McMaster FWEC data were adjusted for that consistency associated with normally  304
formed faeces (FCS=1) according to the following equation described by Le Jambre et al., 305
(2007): 306
307
 Adjusted FWEC data were transformed using log10(adjusted FWEC+25) to stabilise  308
variances prior to statistical analysis (Dobson et al., 2009). Pasture larvae counts (number  309
of  larvae  [per  strongylid  species]/kg  of  pasture  dry  matter)  were  transformed  using  310
log10(number of larvae [per species]) prior to comparison with qPCR Cq values. Correlation  311
between qPCR Cq values and adjusted, transformed FWEC from lambs only positive for  312Page 15 of 46
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one  strongylid  species  (single  strongylid  infection), was  estimated  by  linear  regression  313
using a Pearson correlation (two-tailed test for significance). Correlation between pasture  314
qPCR Cq values and pasture larvae count results was estimated by linear regression using  315
a Pearson  correlation  two-tailed  test  for  significance, with Trichostrongylus spp.  and T.  316
circumcincta results analysed separately.  317
Lamb growth rate was expressed between sequential sampling occasions as both  318
grams  gained/day  (g  gained/day)  and  percentage  liveweight  change  between  sampling  319
occasions (% gained/day). 320
Production  (HCW,  dressing  percentage,  fat  score,  live  weight,  growth  rate  and  321
BCS)  and  faecal  (FCS,  FDM%  and  breech  fleece  faecal  soiling  score) attributes  were  322
normally  distributed  and  the  variances  were  not  significantly  different  (Levene’s  test  323
P>0.05) so between-flock analyses for these parameters were performed using ANOVA.  324
The distribution of adjusted, log-transformed FWECs were non-normal and the variances  325
were  significantly  different,  therefore  adjusted  FWECs  from  each  flock  were  analysed  326
using a two-tailed non-parametric Mann-Whitney U test. 327
328
3. Results 329
3.1 Ewe and lamb internal parasite prevalences and epidemiology 330
All five strongylid species were detected in faecal samples collected from  pregnant  331
ewes in both flocks (Table 3). Flock S had higher T. circumcincta and Trichostrongylus  332
spp. prevalences than Flock L at both samplings; 2 weeks pre-partum and 4 weeks post- 333
partum (P<0.001). Flock S had higher C. ovina and Oesophagostomum spp. prevalences  334
than  Flock  L  at  2  weeks  pre-partum  (P<0.05).  Flock  S  had  higher  adjusted  average  335Page 16 of 46
Accepted Manuscript
Page 16 of 16
FWECs than Flock L at both 2 weeks pre-partum and 4 weeks post-partum (P<0.001)  336
(Table 3). 337
Strongylid  parasite  prevalences  (detected  by  qPCR)  for  each  lamb  flock  are  338
presented in Table 4. Both overall prevalence and sampling prevalences are presented for  339
each  strongylid  species,  with  any  significant  differences  between  parasite  prevalences  340
between flocks also displayed in this table. 341
Adjusted FWECs from each of the two lamb flocks are shown in Table 5, with Flock  342
S having higher adjusted FWECs than Flock L at the first, second and final samplings.  343
The number of samplings that lambs from each flock tested qPCR positive for each  344
strongylid species are presented in Fig. 2, with T. circumcincta and Trichostrongylus spp. 345
detected  at  the  greatest  number  of  samplings. The  proportions  of  different  strongylid  346
species  numbers  detected/lamb  are  displayed  in  Fig. 3,  with  the  highest  number  of  347
strongylid species/lambs observed at the third sampling for both farms. 348
3.2 Levels of agreement between qPCR and McMaster FWEC results 349
The correlation between log-transformed FWEC and qPCR Cq values for lambs is  350
displayed in Fig 4. The relationship between the two, is a weak, positive one (r
2=0.25), with  351
the majority of strongylid species, particularly Trichostrongylus spp., having a broad scatter  352
plot distribution.  353
For detection of patent strongylid infections, the overall level of agreement (κ value)  354
between qPCR  and FWEC results (both flock results combined) was  0.77 ± 0.02. The  355
levels  of  agreement  between  the  McMaster  FWEC  and  the  PCR  in  identifying  patent  356
strongylid infections (κ statistic) at individual sampling occasions are shown in Table 4 for  357
each flock. Flock L had a larger κ value range across the five samplings (0.18 – 0.94) than  358
Flock S (0.13 – 1.00) 359Page 17 of 46
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A total of 17/1015 samples (1.7%) were McMaster FWEC flotation positive (all 50  360
eggs/g) and qPCR negative. Following spiking of these sample extracts with 1 μL purified  361
DNA from each of the five strongylid species, the spiked DNA mixtures were screened by  362
qPCRs  to  test  for  inhibition.  All  qPCRs  amplified  in  accordance  with  positive  controls,  363
indicating that these samples did not contain co-purified PCR inhibitors. 364
A total of 84/1015 samples (8.3%) that were McMaster FWEC negative and qPCR  365
positive were re-screened, with the PCR products sequenced. The sequenced products T.  366
circumcincta (n = 50), T. colubriformis (n = 23), H. contortus (n = 7), C. ovina (n = 3) and  367
O. venulosum (n = 1) were 100% identical with GenBank reference sequences, confirming  368
the initial qPCR results. 369
3.3 Internal parasites identified from the environment 370
The pasture larval count results show that the total larvae/kg of pasture dry weight  371
was different between Flock S and L on each of the final six pasture sampling occasions  372
(P<0.05) (Table 6). Trichostrongylus spp. and T. circumcincta were the strongylid species  373
most commonly detected by the qPCRs and also in the pasture larval counts. Nematodirus  374
spp. was detected at low levels from one pasture larval count from Paddock S on the July  375
sampling (Table 6). Nematodirus spp. was not screened for by a qPCR assay. 376
The minimum amount of genomic DNA required for successful qPCR amplification  377
of T.  colubriformis  or T.  circumcincta  spiked  pasture  samples  were 0.1pg  and  1  pg,  378
respectively. The qPCR results on genomic DNA extracted directly from material collected  379
by following the modified strongylid larvae identification procedure, are shown in Table 6. 380
Trichostrongylus spp. detection corresponded with lower Cq values evident for both flocks,  381
with Cq values from Paddock S, lower than Paddock L Cq values. Chabertia ovina was only  382
detected  from  Paddock  S.  The  sequenced  products  of T.  circumcincta (n=71),  383Page 18 of 46
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Trichostrongylus colubriformis (n=94), H. contortus (n=19) and C. ovina (n=7) were aligned  384
with reference sequences on GenBank and were 100% identical.  385
For Paddock S, T. circumcincta was detected by qPCR in 4/10 of the pasture sub- 386
samples (July sampling) and H. contortus was identified by qPCR in 2/10 of the pasture  387
sub-samples  (September  sampling),  despite  these  species  not  being  observed  in  the  388
pasture larvae counts at the respective samplings (Table 6). 389
3.4 Levels of agreement between strongylid qPCRs and pasture larval count results  390
When assessing strongylid species detection results for the spiked pasture samples 391
(spiked with known numbers of T. circumcincta or T. colubriformis L3) in comparison with  392
the qPCR results, 12/120 (10.0%) of the sub-samples returned a negative qPCR result for  393
the detection of strongylid species. 394
The overall level of agreement between the field pasture larval counts and qPCR  395
results for detecting the presence of strongylid larval species on pasture was 0.67 ± 0.04  396
(P<0.001). A total of 46/310 (14.8%) sub-samples returned a negative qPCR result for the 397
detection  of  strongylid  species when the pasture larval count returned  a positive result  398
(larvae detected/kg of dry matter).  399
The average and range of Cq values for each strongylid species detected from the  400
pasture sub-samples are displayed in Table 6. The correlations between qPCR Cq and  401
log-transformed pasture larval counts (both field and spiked samples) are illustrated in Fig.  402
5 for Trichostrongylus spp. and T. circumcincta.  403
3.5 Flock production performances 404
There were no significant differences between the average hot carcase weight and  405
fat scores for each flock. The average dressing percentage of Flock S was 1.52% lower  406Page 19 of 46
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than that of Flock L (P=0.038) (Table 7). There were no significant differences between the  407
average  live  weights  of  each  flock  at  the  five  sampling  occasions,  except  on  the  final  408
sampling occasion when Flock S had greater live weight than Flock L (P=0.048) (Table 7).  409
There  were also  no  significant  differences  between  the average  growth  rate  (both  410
grams/day gained and percentage of previous sampling live weight gained) of each flock  411
at the five sampling occasions, except between the fourth and final samplings when Flock  412
S had greater growth rates than Flock L (P=0.033) (Table 7). The average BCSs for each  413
lamb flock were not significantly different (Table 7).  414
At  both the first (P=0.029) and second (P=0.002) samplings, Flock S had FCSs  415
~0.3 higher than Flock L (Table 8). At the second sampling, Flock S had FDM%s ~3.5% 416
lower  than  Flock  L and  breech  fleece  faecal  soiling  scores  ~0.4  higher  than  Flock  L  417
(P=0.001). 418
4. Discussion 419
An  innovative,  molecular  qPCR  diagnostic  protocol  was  utilised  to  identify  and  420
quantify those strongylid larvae species that were recovered from pastures. These results  421
were compared to the traditional pasture larval count procedure, with a moderate level of  422
agreement (67%) between pasture larval counts and qPCR diagnostics. Moreover, strong,  423
negative  correlations  (r
2>0.91)  between  qPCR  Cq  values  (Trichostrongylus  spp.  and  T.  424
circumcincta) and log-transformed pasture larval counts were observed (Fig. 5).  425
The moderate overall level of agreement observed between pasture larvae counts  426
and  qPCR  results  was  influence  by  ~15%  of  pasture  sub-samples  returning  negative  427
qPCR  results,  when  pasture  larval  counts  detected  strongylid  larvae  (Table  6).  The  428
negative results were for low pasture larval counts (~200 – 300 larvae/kg of dry matter). 429
This  indicates  that  the  procedure  employed  to  recover  larvae  from  pastures  for  DNA  430Page 20 of 46
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extraction, requires further development and optimisation to improve the recovery rate of  431
strongylid larvae. At present, a total of 10 genomic DNA extractions would be necessary to  432
produce 10 genomic DNA sub-samples on the material recovered when using the modified  433
pasture larvae identification procedure. Despite molecular diagnostic procedures requiring  434
less  labour  and  possessing  greater  diagnostic  sensitivity,  the  cost-benefits  of  these  435
techniques are an important factor in determining their uptake by diagnostic laboratories  436
and also whether livestock enterprises will be willing to pay for them (Hunt, 2011). 437
While there is  potential for  using  molecular diagnostic procedures  for  measuring  438
larvae on pastures,  there  is  little encouragement  in the scientific literature  that  pasture  439
larvae counts are widely utilised as a diagnostic/predictive tool to aid grazing management  440
(Gettinby  et  al.,  1985;  Martin  et  al.,  1990; Couvillion, 1993;  Fine  et  al.,  1993; Watson,  441
2007).  One  limitation that  pasture  larval  counts  have,  is  the  time  involved.  More 442
specifically,  the  traditional  method  is  cumbersome  and  time  consuming  (7–10  days  to  443
conduct),  creating  a  time  lapse  between  pasture  collection  and  larvae  recovery  and  444
reducing  the  proportion  of  larvae  recovered  (Gettinby  et  al.,  1985;  Fine  et  al.,  1993).   445
Results using this modified molecular procedure were derived within 1½ days post-pasture  446
collection. Therefore this modified molecular identification method does offer an advantage 447
from  a time perspective.  By screening genomic DNA with qPCR assays, it reveals an  448
opportunity for high sample throughput and automation, with pasture collection from the  449
paddock the only remaining unwieldy task. Screening for a multiple variety of pathogens  450
(parasites, bacteria and viruses) is a future potential advancement of such a molecular  451
procedure as employed in this study. However the water source used to wash the pasture,  452
must be pathogen free, along with a modification of the identification procedure so it would  453
be  capable  of  capturing  pathogens  that  are  transmitted  in  smaller  infective  stages  454
([oo]cysts of Cryptosporidium and Giardia). 455Page 21 of 46
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Furthermore,  there  are  several  different  variations  in  the  methodology  used  for  456
pasture  larval  counts,  with  some  suggestions  that  low  strongylid  larvae  challenges  are  457
often underestimated (Martin et al., 1990; Couvillion, 1993). The use of a ‘tracer’ sheep  458
method has the advantage whereby selected animals mimic similar grazing patterns of the  459
resident flock. However, high larval challenges have been reported to be underestimated  460
using this method (Dobson et al., 1990; Martin et al., 1990). This can be exacerbated by  461
using animals which have a different immunity status to the target animals. These issues  462
are  the  main  reasons  why  many  diagnostic  laboratories  choose  not  to  perform  this 463
procedure. The qPCRs utilised in this study were capable of detecting  between 0.1 and  464
1.0pg  of  genomic  DNA  from  the  T.  colubriformis  and  T.  circumcincta  spiked  pasture  465
samples  respectively,  which indicates greater sensitivity  than in a previous study  using  466
conventional PCR assays (Sweeny et al., 2012b).  467
Pregnant ewes were introduced onto Paddock L after they  were treated with an  468
effective  anthelmintic  (monepantel).  Despite  this,  strongylid  larvae  contamination  was  469
observed on  this  pasture.  However,  the  contamination  rate  was slower  and at  a lower  470
level,  when  compared  to  contamination  rates  and  levels  experienced  in Paddock  S.  471
Potentially, the source of pasture contamination may have been due to hypobiotic larvae  472
that may have survived treatment, as H. contortus and T. circumcincta were detected in  473
lambs and on pastures from Paddock L, with both these strongylid species reported as  474
having the capability of arrested larval development (Gibbs, 1986).  475
Previous  conventional PCR studies had reported an overall high (>93%) level of  476
agreement between FWEC  and PCR  results in detecting patent strongylid infections in  477
faecal samples (Sweeny  et al., 2012a; Sweeny  et al., 2012b). However in this present  478
study where qPCR assays were used, the overall level of agreement was moderate (77%)  479
and had a large range across the five samplings of each flock 13–100% (Table 4). There  480Page 22 of 46
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was a weak correlation (r
2=0.25) between qPCR Cq values and log-transformed, adjusted  481
FWEC  (Fig. 4),  in  addition  to  higher  strongylid  qPCR  prevalence  when  compared  to  482
strongylid FWEC prevalence (Table 4). This suggests that false positives were potentially 483
identified  by  qPCR,  possibly  due  to  non-patent  strongylid  DNA  sources  (larval  tissues  484
passing  through  the  sheep  or  rupture  larval  DNA  from  hypobiotic  nodules)  present  in  485
genomic  DNA  extracts.  Alternatively,  qPCR  may  detect  egg  counts  below  the  limit  of  486
detection  for  the  conventional  test  (50  epg),  as  shown  by  the  sensitivity  analysis  487
undertaken for pasture sampling. 488
After reviewing the production performance attributes (Tables 7 and 8), there was  489
no  significant  difference  in  the  HCWs  between  each  flock  (Table  7). Notably,  Flock  L  490
lambs had greater dressing percentages than Flock S (Table 7). Many factors impact lamb  491
production performances and although parasitism is one important factor, nutrition (quality  492
and quantity of feed), genetics, time of weaning, sex and the ratio of single to twin born  493
lambs, all impact very strongly on overall flock performance (Makarechian et al., 1978;  494
Arnold and Meyer, 1988; Coop and Sykes, 2002; Kahn et al., 2003; Kenyon et al., 2004;  495
Houdijk, 2008; Hatcher et al., 2009). Lamb birth type (single or twin) was not recorded in  496
the present study because sheep were managed under extensive conditions that made  497
supervision of lambing and recording of birth type impractical. Despite a clear difference in  498
pasture  larval challenge levels observed between the two flocks  using both qPCR  and  499
conventional pasture larval counts, it is difficult to draw conclusions from this data, with no  500
further replicates able to be conducted following this experiment 501
502
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This  study developed  and  tested  an  innovative  method  to  identify  and  quantify  504
strongylid species recovered from pasture using qPCRs. The procedure had a moderate  505
level of agreement with pasture larval count results and a strong negative correlation was  506
observed between qPCR Cq values and log-transformed pasture larval counts. However,  507
extensive optimisation and validation are both necessary before such a molecular method  508
can  be  utilised  routinely  by  diagnostic  laboratories  or  whether  it  can  be  conducted  in- 509
field/on-farm. Repeating this study with multiple replicate paddocks would allow a more in- 510
depth  assessment  on  the  consequences  of  different  levels  of  pasture  larvae  exposure  511
associated with reduced flock productivity. There is potential for livestock enterprises to  512
use  the  molecular  procedures  employed  in  this  study  for  early  detection  of  internal  513
parasites  in  their  environment,  to  enhance  their  management,  reduce  their  strongylid  514
morbidities, mortalities and to increase their profitability.  515
516
Conflict of interest statement 517
None of the authors of this paper have a financial or personal relationship with other  518
people  or  organisations  that  could  inappropriately  influence  or  bias  the  content  of  the  519
paper. 520
Acknowledgements 521
We  are grateful  to  the  Australian  Research Council  (ARC), Combined Biological  522
Sciences Meeting (CBSM) committee and Edith Cowan University (ECU) for funding this  523
research. Thank you to Jill Lyon and staff at the Animal Health Laboratories, Department  524
of  Agriculture  and  Food,  Albany,  Western  Australia,  for  conducting  the  pasture  larval  525
counts.  A  special  thanks  to  Richard  and  Deborah  Coole  (farm  owners)  for  their  526Page 24 of 46
Accepted Manuscript
Page 24 of 24
cooperation and interest in this research, along with also Ross (Tammin Abattoir, Tammin,  527
Western Australia) for his advice and assistance with collection of samples at the abattoir. 528
References 529
Animal  Health  Laboratories,  2005.  Detection  of  larval  gastrointestinal  parasites- 530
sedimentation, flotation and centrifugation method - pasture samples. Parasitology  531
Laboratory Method. Department of Agriculture, South Perth, Western Australia. 532
AOAC, 1997. Official Methods of Analysis Dry matter (DM%). Arlington, Virginia, USA. 533
Arnold,  A.M.,  Meyer,  H.H.,  1988.  Effects  of  gender,  time  of  castration,  genotype  and  534
feeding regimen on lamb growth and carcass fatness. J. Anim. Sci. 66, 2468-2475. 535
Australian Wool Innovation, 2007. Feed on offer photo gallery for annual pastures during  536
the green period. . Australian Wool Innovation In: Department of Agriculture and  537
Food,  Western  Australia,  South  Perth,  Western  Australia,  pp.  1-25,  ISBN  978- 538
9803448-9803441-9803443. 539
Australian  Wool  Innovation,  Meat  and  Livestock  Australia,  Sheep  Genetics,  Australian  540
Merino  Sire  Evaluation  Association,  2007.  Visual  sheep  scores.  Australian  Wool  541
Innovation In: Sydney, New South Wales, Australia, pp. 52, ISBN 51-92090-92871- 542
92094. 543
Besier, R.B., Love, S.C.J., 2003. Anthelmintic resistance in sheep nematodes in Australia:  544
the need for new approaches. Aust. J. Exp. Agric. 43, 1383-1391. 545
Bott, N.J., Campbell, B.E., Beveridge, I., Chilton, N.B., Rees, D., Hunt, P.W., Gasser, R.B.,  546
2009.  A  combined  microscopic-molecular  method  for  the  diagnosis  of  strongylid  547
infections in sheep. Int. J. Parasitol. 39, 1277-1287. 548
Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R.,  549
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009a. The  550Page 25 of 46
Accepted Manuscript
Page 25 of 25
MIQE guidelines: minimum information for publication of quantitative real-time PCR  551
experiments. Clin. Chem. 55, 611-622. 552
Bustin, S.A., Vandesompele, J., Pfaffl, M.W., 2009b. Standardization of qPCR and RT- 553
PCR - New guidlines seek to promote accurate interpretation of data and reliable  554
results. Genetic Engineering and Biotechnology News 29. 555
Coles, G.C., Jackson, F., Pomroy, W.E., Prichard, R.K., von Samson-Himmelstjerna, G.,  556
Silvestre,  A.,  Taylor,  M.A.,  Vercruysse,  J.,  2006.  The  detection  of  anthelmintic  557
resistance in nematodes of veterinary importance. Vet. Parasitol. 136, 167-185. 558
Coop,  R.L.,  Sykes,  A.R.,  2002.  Interactions  between  Gastrointestinal  Parasites  and  559
Nutrients.  Sheep Nutrition. Wallingford, UK, pp. 313-331. 560
Couvillion, C.E., 1993. Estimation of the numbers of trichostrongylid larvae on pastures.  561
Vet. Parasitol. 46, 197-203. 562
Dobson,  R.J.,  Sangster,  N.C.,  Besier,  R.B.,  Woodgate,  R.G.,  2009.  Geometric  means  563
provide a biased efficacy result when conducting a faecal egg count reduction test  564
(FECRT). Vet. Parasitol. 161, 162-167. 565
Dobson, R.J., Waller, P.J., Donald, A.D., 1990. Population dynamics of Trichostrongylus  566
colubriformis  in  sheep:  The  effect  of  host  age  on  the  establishment  of  infective  567
larvae. Int. J. Parasitol. 20, 353-357. 568
Fine,  A.E.,  Hartman,  R.,  Krecek,  R.C.,  Groeneveld,  H.T.,  1993.  Effects  of  time,  from  569
collection  to  processing,  on  the  recovery  of  Haemonchus  contortus  third-stage  570
larvae from herbage. Vet. Parasitol. 51, 77-83. 571
Gettinby, G., McKellar, Q.A., Bairden, K., Theodoridis, Y., Whitelaw, A., 1985. Comparison  572
of two techniques used for the recovery of nematode infective larvae from pasture.  573
Res. Vet. Sci. 39, 99-102. 574
Gibbs, H.C., 1986. Hypobiosis in parasitic nematodes--an update. Adv. Parasitol. 25, 129- 575
174. 576Page 26 of 46
Accepted Manuscript
Page 26 of 26
Greeff, J.C., Karlsson, L.J.E., 1997. Genetic relationship between faecal worm egg count  577
and scouring in Merino sheep in a Mediterranean environment. Proc. Assoc. Advmt.  578
Anim. Breed. Genet. 12, 333-337. 579
Hatcher,  S.,  Atkins,  K.D.,  Safari,  E.,  2009.  Phenotypic  aspects  of  lamb  survival  in  580
Australian Merino sheep. J. Anim. Sci. 87, 2781-2790. 581
Hill, M.J., Donald, G.E., Hyder, M.W., Smith, R.C.G., 2004. Estimation of pasture growth  582
rate in the south west of Western Australia from AVHRR NDVI and climate data.  583
Remote. Sens. Environ. 93, 528-545. 584
Hopkins, D.L., 1992. Estimating carcass weight from liveweight in lambs. Small Ruminant  585
Res. 6, 323-328. 586
Houdijk,  J.G.M.,  2008.  Influence  of  periparturient  nutritional  demand  on  resistance  to  587
parasites in livestock. Parasite Immunol. 30, 113-121. 588
Hunt,  P.W.,  2011.  Molecular  diagnosis  of  infections  and  resistance  in  veterinary  and  589
human parasites. Vet. Parasitol. 180, 12-46. 590
Kahn, L.P., Knox, M.R., Gray, G.D., Lea, J.M., Walkden-Brown, S.W., 2003. Enhancing  591
immunity  to  nematode  parasites  in  single-bearing  Merino  ewes  through  nutrition  592
and genetic selection. Vet. Parasitol. 112, 211-225. 593
Kenyon, P.R., Morel, P.C.H., Morris, S.T., 2004. Effect of liveweight and condition score of  594
ewes at mating, and shearing mid-pregnancy, on birthweights and growth rates of  595
twin lambs to weaning. N. Z. Vet. J. 52, 145-149. 596
Le Jambre, L.F., Dominik, S.,  Eady, S.J.,  Henshall,  J.M., Colditz, I.G.,  2007. Adjusting  597
worm egg counts for faecal moisture in sheep. Vet. Parasitol. 145, 108-115. 598
Lyndal-Murphy, M., 1993, Anthelmintic resistance in sheep, In:  L.A. Corner, Bagust T.J..  599
(Eds.) Australian Standard Diagnostic Techniques for Animal Diseases. CSIRO for  600
the Standing Committee on Agriculture and Resource Management, Melbourne, pp.  601
3-9. 602Page 27 of 46
Accepted Manuscript
Page 27 of 27
Makarechian,  M.,  Whiteman,  J.V.,  Walters,  L.E.,  Munson,  A.W.,  1978.  Relationships  603
between growth  rate,  dressing  percentage  and carcass composition  in lambs. J.  604
Anim. Sci. 46, 1610-1617. 605
Martin, R.R., Beveridge, I., Pullman, A.L., Brown, T.H., 1990. A modified technique for the  606
estimation of the number of infective nematode larvae present on pasture, and its  607
application in the field under South Australian conditions. Vet. Parasitol. 37, 133- 608
143. 609
McLaren, C. 1997. Dry Sheep Equivalents for comparing different classes of livestock. In  610
Agriculture Notes (Melbourne, Victoria, Department of Primary Industries, Victoria,  611
Australia), pp. 1-4. 612
Moeller,  C.,  Smith,  I.,  Asseng,  S.,  Ludwig,  F.,  Telcik,  N.,  2008.  The  potential  value of  613
seasonal  forecasts  of  rainfall  categories  -  case  studies  from  the  wheatbelt  in  614
Western Australia's Mediterranean region. Agric. For. Meteorol. 148, 606-618. 615
Ng,  J.,  MacKenzie,  B.,  Ryan,  U.,  2010a.  Longitudinal  multi-locus  molecular  616
characterisation  of  sporadic  Australian  human  clinical  cases  of  cryptosporidiosis  617
from 2005 to 2008. Exp. Parasitol. 125, 348-356. 618
Ng, J., Pingault, N., Gibbs, R., Koehler, A., Ryan, U., 2010b. Molecular characterisation of  619
Cryptosporidium  outbreaks  in  Western  and  South  Australia.  Exp.  Parasitol. 125,  620
325-328. 621
Robertson,  L.J.,  Gjerde,  B.K.,  Furuseth  Hansen,  E.,  2010.  The  zoonotic  potential  of  622
Giardia and Cryptosporidium in Norwegian sheep: A longitudinal investigation of 6  623
flocks of lambs. Vet. Parasitol. 171, 140-145. 624
Roeber, F., Jex, A.R., Campbell, A.J.D., Campbell, B.E., Anderson, G.A., Gasser, R.B.,  625
2011. Evaluation and application of a molecular method to assess the composition  626
of  strongylid  nematode  populations  in  sheep  with  naturally  acquired  infections.  627
Infect. Genet. Evol. 11, 849-854. 628Page 28 of 46
Accepted Manuscript
Page 28 of 28
Sackett,  D.,  Holmes,  P.,  Abbot,  K.,  Jephcott,  S.,  Barber,  M.,  2006.  Assessing  the  629
economic cost of endemic disease on the profitability of Australian beef cattle and  630
sheep  producers.  Meat  and  Livestock  Australia  In:    MLA  Final  Report.  North  631
Sydney, pp. 33-38. 632
Sutherland,  I.A.,  Shaw,  J.,  Shaw,  R.J.,  2010.  The  production  costs  of  anthelmintic  633
resistance  in  sheep  managed  within  a  monthly  preventive  drench  program.  Vet.  634
Parasitol. 171, 300-304. 635
Sweeny,  J.P.A.,  Robertson,  I.D.,  Ryan,  U.M.,  Jacobson,  C.,  Woodgate,  R.G.,  2011a.  636
Comparison  of  molecular  and  McMaster  microscopy  techniques  to  confirm  the  637
presence  of  naturally  acquired  strongylid  nematode  infections  in  sheep.  Mol.  638
Biochem. Parasitol. 180, 62-67. 639
Sweeny,  J.P.A.,  Robertson,  I.D.,  Ryan,  U.M.,  Jacobson,  C.,  Woodgate,  R.G.,  2012a.  640
Impacts  of  naturally  acquired  protozoa  and  strongylid  nematode  infections  on  641
growth and faecal attributes in lambs. Vet. Parasitol. 184, 298-308. 642
Sweeny, J.P.A., Ryan, U.M., Robertson, I.D., 2012b. Molecular identification of naturally  643
acquired  strongylid  infections  in  lambs  -  An  investigation  into  how  lamb  age  644
influences  diagnostic  sensitivity.  Vet.  Parasitol. In  Press,  645
doi:10.1016/j.vetpar.2012.01.007. 646
Sweeny,  J.P.A.,  Ryan,  U.M.,  Robertson,  I.D.,  Yang,  R.,  Bell,  K.,  Jacobson,  C.,  2011b.  647
Longitudinal investigation of  protozoan  parasites in meat lamb farms  in southern  648
Western Australia. Prev. Vet. Med. 101, 192-203. 649
Taylor,  E.L.,  1939.  Technique  for  the  estimation  of  pasture  infestation  by  strongyloid  650
larvae. Parasitology 31, 473-478. 651
Taylor, S., Wakem, M., Dijkman, G., Alsarraj, M., Nguyen, M., 2010. A practical approach  652
to RT-qPCR—Publishing data that conform to the MIQE guidelines. Methods 50,  653
S1-S5. 654Page 29 of 46
Accepted Manuscript
Page 29 of 29
Thrusfield,  M.,  2007,  Veterinary  Epidemiology.  Blackwell  Publishing,  Oxford,  United  655
Kingdom, 624 p. 656
Watson, D., 2007. Pasture larval counts of gastro-intestinal parasites of sheep.  Pasture  657
management and worm control. Australian Wool Innovation and the University of  658
Sydney, pp. 1-14. 659
Woodgate,  R.G.,  Besier,  R.B.,  2010.  Sustainable  use of  anthelmintics  in  an integrated  660
parasite management program for sheep nematodes. Anim. Prod. Sci. 50, 440-443. 661
Yang,  R.,  Jacobson,  C.,  Gordon,  C.,  Ryan,  U.,  2009.  Prevalence  and  molecular  662
characterisation  of  Cryptosporidium  and  Giardia  species in  pre-weaned  sheep  in  663
Australia.  Vet.  Parasitol. 161,  19-24. 664Page 30 of 46
Accepted Manuscript
Page 30 of 30
665
Table 1 666
Lamb age and feed  on offer (FOO,  kg of dry matter/hectare) on eight faecal sampling  667
occasions. 668
a indicates one week prior to this sampling, 180 pregnant ewes were randomly selected from the combined flock and were treated with  669
an anthelmintic (Monepantel, Zolvix), before introduction to Paddock L. 670
bindicates after this sampling lambs received an anthelmintic treatment. 671
672
Paddock S Paddock L
Sampling occasion Lamb age 
Study 
day
Date
Ewes/lambs 
sampled (n)
FOO
Ewes/lambs 
sampled (n)
FOO
16 weeks pre-partum - -155 March 22
nd2011 100 - - -
2 weeks pre-partum
 a - - 49 July 6
th2011 50 2500 50 2200
4 weeks post-partum - 0 August 24
th2011 50 2800 50 1900
Sampling 1 2-6 weeks 0 August 24
th2011 102 2800 101 1900
Sampling 2 2-3 months 42 October5
th 2011 102 3600 101 2300
Sampling 3
 b 3-4 months 84 November16
th 2011 102 2900 101 1800
Sampling 4 4-5 months 117 December19
th 2011 102 - 101 -
Sampling 5 5-6 months 148 January19
th 2012 102 - 101 -Page 31 of 46
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Table 2 672
Analysis of pasture quality by FeedTest (Australian Wool Testing Authority Ltd - Agrifood  673
Technology, Victoria Australia) using near infrared spectroscopy.  674
Winter stocking rates for Paddocks S and L were 21.1 DSE/ha and 20.7 DSE/ha, respectively. 675
676
Paddock S Paddock L
Feed component
Sampling 1 Sampling 2 Sampling 3 Sampling 1 Sampling 2 Sampling 3
Dry matter (DM) % 12.9 13.4 18.6 7.7 7.3 20.3
Moisture % 87.1 86.6 81.4 92.3 92.7 79.7
Crude protein (% of DM) 26.1 27.1 19.4 30.2 28.8 16.9
Neutral detergent fibre (% of DM) 34.9 35.4 49.3 37.8 41.2 53.1
Digestibility (% of DM) 68.6 67.5 57.1 71.8 66.1 60.5
Metabolisable energy (MJ/kg DM) 10.9 10.7 8.2 11.6 10.4 9.3Page 32 of 46
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Table 3 676
Strongylid parasite flock prevalences (%) by qPCR (95% CI), FWEC and FCS average  677
and range for the pregnant ewe flocks.  678
679
The combined flock was separated into two different flocks (S and L) ~1 week prior to the sampling 2 weeks pre-partum. 680
a indicates one week prior to this sampling, 180 pregnant ewes were randomly selected from the combined flock and treated with an  681
anthelmintic (Monepantel, Zolvix), before introduction to Paddock L. 682
b indicates that faecal worm egg counts (FWECs) were adjusted for faecal consistency score (FCS). 683
Combined flock Flock S Flock L
Time in pregnancy
16 weeks pre-
partum
2weekspre-
partum
4weekspost-
partum
2weekspre-
partum 
 a
4weekspost
-partum
Pregnant ewes sampled (n) 100 50 50 50 50
Flock size 380 210 210 180 180
Parasite flock prevalence
T. circumcincta 12.0
(6.4, 20.0)
34.0
(21.2, 48.8)
46.0
(31.8, 60.7)
0.0
(0.0, 7.1)
6.0
(4.5, 14.3)
Trichostrongylus spp. 22.0
(14.3, 31.4)
32.0
(19.5, 46.7)
68.0
(53.3, 80.5)
0.0
(0.0, 7.1)
18.0
(8.6, 31.4)
H. contortus 0.0
(0.0, 3.6)
6.0
(1.3, 16.5)
8.0
(2.2, 19.2)
0.0
(0.0, 7.1)
2.0
(0.5, 14.3)
C. ovina 9.0
(4.2, 16.4)
18.0
(8.6, 31.4)
14.0
(5.8, 26.7)
0.0
(0.0, 7.1)
4.0
(0.5, 13.7)
Oesophagostomum spp. 4.0
(1.1, 9.9)
10.0
(3.3, 21.8)
6.0
(1.3, 16.5)
0.0
(0.0, 7.1)
2.0
(0.5, 14.3)
Adjusted average flock 
FWEC±S.E.M 
b eggs/g (range)
83 ± 21
(0 – 1067)
178 ± 32.1
 (0 – 775)
363± 48 
(0 – 1346)
0 ± 0
 (0)
53± 9
(0 – 232)
Average FCS (range) 1.7 (1 – 4) 3.2 (1 – 4.5) 3.1 (1 – 5) 2.7 (1 – 4) 2.6 (1 – 5)Page 33 of 46
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Table 4 684
Strongylid parasite prevalences (95% CI), along with  levels  of agreement between McMaster FWEC and qPCR from genomic DNA  685
extracted directly from lamb faeces. 686
Lamb age 2-6 weeks 2-3 months 3-4 months
a 4-5 months 6-7 months
Day of study 0 42 84 117 148
Overall prevalence / 
level of agreement
Flock S Flock L Flock S Flock L Flock S Flock L Flock S Flock L Flock S Flock L Flock S Flock L
Indentified lambs sampled (n) 102 101 102 101 102 101 102 101 102 101 - -
Parasite prevalence (% positive by qPCR)
T. circumcincta  9.8 
A
(4.8, 17.3)
5.0 
A
(1.6, 11.2)
46.1 
A
(36.2, 56.2)
5.9 
B
(2.2, 12.5)
78.4 
A
(69.2, 86.0)
21.8 
B
(14.2, 31.1)
15.7 
A
(9.2, 24.2)
6.9 
A
(2.8, 13.8)
22.3
 A
(14.9, 31.9)
9.9 
A
(4.9, 17.5)
88.2 
A
(80.4, 93.8) 
33.7
 B
(24.6, 43.8) 
Trichostrongylus spp. 7. 8 
A
(3.4, 14.9)
10.9 
A
(5.6, 18.7)
56.9 
A
(46.7, 66.6)
8.9 
B
(4.2, 16.2)
62.8 
A
(52.6, 72.1)
31.7 
B
(22.8, 41.7)
7.8 
A
(3.4, 14.9)
7.9
 A
(3.5, 15.0)
19.6
 A
(12.4, 28.6)
11.9 
A
 (6.3, 19.8)
81.4 
A
(72.4, 88.4)
54.5
 B
(44.2, 64.4)
H. contortus  0.0 
A
(0.0, 3.6)
3.0 
A
(0.6, 8.4)
49.0 
A
(39.0, 59.1)
2.0 
B
(0.2, 7.0)
46.1 
A
(36.2, 56.2)
22.8 
B
(15.0, 32.2)
3.9
 A
(1.1, 9.7)
5.0
 A
(1.6, 11.2)
6.9 
A
(2.8, 13.6)
0.0
 A
(0.0, 3.6)
65.7 
A
(55.6, 74.8) 
29.7
 B
(21.0, 39.6) 
C. ovina 8.9 
A
(4.2,16.2)
3.0 
A
(0.6, 8.4)
14.7 
A
(8.5, 23.1)
8.9 
A
(4.2, 16.2)
12.8 
A
(7.0, 20.8)
25.7 
A
(17.6, 35.4)
2.0
 A
(0.2, 9.7)
2.0
 A
(0.2, 7.0)
3.9
 A
(1.1,9.7)
5.9
 A
 (2.2, 12.5)
37.3
 A
(27.9, 47.4)
41.6
A
(31.9, 51.8)
O. venulosum 2.9 
A
(0.6, 8.4)
5.0 
A
(1.6, 11.2)
7.8 
A
(3.4, 14.9)
10.9 
A
(5.6, 18.7)
6.9 
A
(2.8, 13.6)
19.8 
A
(12.5, 28.9)
0.0
 A
(0.0, 3.6)
0.0
 A
(0.0, 3.6)
0.0
 A
(0.0, 3.6)
0.0
 A
(0.0, 3.6)
14.7
 A
(8.5, 23.1)
27.7
 A
(19.3, 37.5)
McMaster FWEC prevalence 14.6 
A 1.8 
B 75.5 
A 15.8 
B 78.4 
A 68.3 
A 19.6 
A 14.9
 A 32.4 
A 20.8 
A 98.0
 A 95.1
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(5.6, 29.2) 
b (0.0, 9.4) 
b (66.0, 83.5) (9.3, 24.4) (69.2, 86.0) (58.3, 77.2) (12.4, 28.6) (8.6, 23.3) (23.4, 42.3) (13.4, 30.0) (93.1, 99.8) (88.8, 98.4)
qPCR strongylid prevalence 24.5 
A
(16.5, 34.0)
22.8 
A
(15.6, 13.2)
83.3
 A
(74.7, 90.0)
22.8 
B
(15.0, 32.2)
93.1 
A
(86.4, 97.2)
92.1 
A
(85.0, 96.5)
19.6 
A
(12.4, 28.6)
17.8
 A
(10.9,26.7)
35.3 
A
(26.1, 45.4)
20.8 
A
(13.4, 30.0)
98.0 
A
(93.1, 99.8)
96.0
 A
(90.2, 98.9)
κ statistic± SE 
c 0.69 ± 0.14 0.13 ± 0.12 0.64 ± 0.10 0.88 ± 0.08 0.22 ± 0.08 0.18 ± 0.11 0.94 ± 0.04 0.89 ± 0.06 0.89 ± 0.05 1.00 ± 0.04 0.74 ± 0.04 0.80 ± 0.03
687
Overall prevalences are the percentage of lambs that were positive for a particular parasite at any of the five samplings. 688
qPCR strongylid prevalence calculated from any lambs that tested positive by qPCR for at least one strongylid species. McMaster FWEC prevalence is any lamb with a FWEC≥50epg. 689
a indicates after this sampling occasion that lambs received an anthelmintic treatment. 690
b indicates not all samples had enough faecal material to conduct FWEC (n=41 and n=57 for Flocks S and L, respectively). 691
c indicates the Kappa statistic; level of agreement between the qPCR assays and McMaster FWEC diagnostic tests for patent strongylid infections ± standard error (SE). 692
AB values in columns within each individual sampling occasion that have different superscripts are significantly different (P <0.01). 693Page 35 of 46
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Table 5 694
Arithmetic  mean,  adjusted  strongylid  faecal  worm  egg  counts  (FWECs)  for  each  lamb  695
flock. 696
697
698
699
700
701
702
703
704
a indicates that not all samples had enough faecal material to conduct FWECs at his sampling occasion (Flock S n=57 and L n=41). 705
b indicates after this sampling occasion that lambs received an anthelmintic treatment.  706
The P values were derived from Mann —Whiney U non-parametric test for significance. 707
Adjusted mean FWEC (eggs per gram ± 
standard error of the mean (range) Sampling 
occasion
Flock S  Flock L
P value
Sampling 1
a 14 ± 6 (0 – 155)  1 ± 1 (0 – 77)  0.015
Sampling 2 164 ± 21 (0 – 1549)  23 ± 9 (0 – 775)  <0.001
Sampling 3
 b 259 ± 32 (0 – 1494)  194 ± 21 (0 – 1317)  0.386
Sampling 4 88 ± 9 (0 – 775)  34 ± 3 (0 – 172)  0.354
Sampling 5 99 ± 21 (0 – 1239)  46 ± 11 (0 – 697)  0.034Page 36 of 46
Accepted Manuscript
Page 36 of 36
Table 6 708
Pasture  larval  count  results  and  qPCR  results  from  modified  strongylid  larvae  recovery  procedure,  with  T.  circumcincta  =  Tel,  709
Trichostrongylus spp. = Trich, H. contortus = Haem, C. ovina = Chab, Oesophagostomum spp. = Oesoph and Nematodirus = Nem. 710Page 37 of 46
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Pasture larvae counts qPCR ‘modified strongylid larvae identification procedure’
Paddock S Paddock L Paddock S Paddock L Sampling 
occasion
Pasture 
dry 
weight(g)
Larval species/ 
kg pasture dry 
weight (n)
Total larvae/kg 
pasture dry 
weight (n)
Pasture 
dry 
weight(g)
Larval species/ 
kg pasture dry 
weight (n)
Total larvae 
per kg pasture 
dry weight (n)
Pasture 
dry 
weight (g)
Strongylid 
species 
detected
Average Cq values 
(range)
Pasture 
dry weight 
(g)
Strongylid 
species 
detected
Average Cq values 
(range)
March 22
nd 105.2 0 0 107.1 0 0 111.2 none - 105.3 none -
April 23
rd 88.1 0 0 101.4 0 0 87.6 none - 103.8 none -
May 25
th 69.8 0 0 85.2 0 0 81.5 none 97.1 none -
June 15
th 96.8 Trich =234 234 94.9 0 0 102.3 Trich 7/10 35.86 (33.45 – 37.04)  105.4 none -
July 6
th 105.0 Trich  =1297 
Nem =162
1459 110.6 0 0 100.6 Trich 10/10
Tel 4/10
22.82 (22.01 – 23.61)
 36.69 (34.57 – 39.31) 
103.0 none -
August 23
rd 111.7 Trich =3501
Tel =1052
4553 70.6 Trichn=143, 
Nem n=75
218 108.5 Trich 10/10
Tel 10/10
19.51 (18.08 – 21.67)
 26.66 (24.57 – 29.31)
88.5 Trich 7/10 35.86 (37.36 – 39.01)
September 19
th 88.5 Trich =4106 
Tel =1497
Chab = 120
5723 71.3 Trich =967 
Tel =623
1590 81.7 Trich 10/10
Tel 10/10
Chab 3/10
Haem2/10
18.19 (17.24 – 19.41) 
26.66 (26.02 – 27.89)
39.34 (39.04 – 39.71) 
38.86 (38.03 – 39.68)
70.6 Trich 10/10
Tel 8/10
25.34 (24.61 – 26.32)
30.17 (28.67 – 30.93)
October 6
th 78.0 Trich =2405 
Tel =1703
Haem =306
Chab = 127
4541 65.2 Trich =2307 
Tel =1070
Haem =131
3508 77.2 Trich 10/10
Tel 10/10
Chab 4/10
Haem 4/10
22.77 (20.59 – 24.31)
26.42 (25.87 – 27.38)
39.77 (39.57 – 39.91) 
34.97 (34.75 – 35.33)
69.4 Trich 10/10
Tel 10/10
Haem 4/10
20.72 (19.41 – 22.71)
28.72 (28.16 – 29.35)
34.69 (34.42 – 35.01)
November 15
th 108.9 Trich = 6014
Tel = 614
Haem =325
6953 81.1 Trich = 1257
Tel = 1816
Haem = 253
3326 102.8 Trich 10/10
Tel 9/10
Haem 5/10
17.34 (16.49 – 18.25) 
30.23 (29.52 – 31.03)
34.70 (34.56 – 34.90)
83.3 Trich 10/10
Tel 10/10
Haem 4/10
22.51 (21.09 – 23.89)
26.61 (26.05 – 27.91)
38.06 (37.02 – 39.17)Page 38 of 46
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Table 7 712
Mean production attributes (hot carcase weight, dressing percentage, live weight, growth  713
rate and body condition score) for each lamb flock (mean ± standard error of the mean).  714Page 39 of 46
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715
Body condition score  716 (BCS) was not recorded at 
the first sampling and P  717 values were derived from 
ANOVA tests for  718 significance.
Production attribute Flock S Flock L P value
Hot carcase weight (kg) 17.75 ± 0.28 17.28 ± 0.28 0.235
Dressing percentage  42.45 ± 0.22 43.97 ± 0.21 0.038
GR knife fat depth (mm)  1.80 ± 0.06 1.83 ± 0.06 0.735
Live weight (kg) 
Sampling 1 14.12± 0.40 13.63 ± 0.29 0.312
Sampling 2 26.97 ± 0.48 25.87 ± 0.49 0.114
Sampling 3 36.78 ± 0.40 36.30 ± 0.29 0.545
Sampling 4 37.35 ± 0.52 36.87 ± 0.52 0.231
Sampling 5 41.33 ± 0.56 39.75 ± 0.57 0.048
Growth rate (grams gained/day)
Sampling 1 to2 305.8 ± 7.6 291.3 ± 7.6 0.181
Sampling 2 to 3 233.7 ± 8.4 248.4 ± 8.5 0.221
Sampling 3 to 4 17.1 ± 9.5 9.28 ± 9.6 0.379
Sampling 4 to 5 128.1 ± 7.3 105.8 ± 7.3 0.033
Growth rate (% of previous 
sampling live weight gained)
Sampling 1 to2 98.73 ± 3.44 94.29 ± 3.45 0.365
Sampling 2 to 3 38.39 ± 2.11 41.86 ± 1.61 0.195
Sampling 3 to 4 2.40 ± 0.89 1.82 ± 0.90 0.210
Sampling 4 to 5 9.54 ± 0.54 8.05 ± 0.55 0.054
Body condition score 
Sampling 2 2.39 ± 0.05 2.31 ± 0.05 0.227
Sampling 3 2.90 ± 0.05 2.82 ± 0.05 0.241
Sampling 4 2.91 ± 0.04 2.91 ± 0.03 0.954
Sampling 5 3.19 ± 0.05 3.11 ± 0.05 0.233Page 40 of 46
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Table 8 719
Mean faecal attributes (faecal consistency score [FCS] and faecal dry matter percentage  720
[FDM%]) for each lamb flock (mean ± standard error of the mean).  721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
P values were derived from ANOVA tests for significance. 740
Faecal attribute Flock S Flock L P value
Faecal consistency score (FCS) 
Sampling 1 1.62 ± 0.09 1.37 ± 0.08 0.029
Sampling 2 3.08 ± 0.07 2.77 ± 0.07 0.002
Sampling 3 3.03 ± 0.06 2.98 ± 0.05 0.551
Sampling 4 2.69 ± 0.09 2.59 ± 0.09 0.423
Sampling 5 3.02 ± 0.06 2.91 ± 0.07 0.234
Faecal dry matter percentage (FDM%) 
Sampling 1 34.89 ± 0.78 36.66 ± 0.97 0.155
Sampling 2 18.51 ± 0.45 22.04 ± 0.45 <0.001
Sampling 3 16.84 ± 0.34 16.87 ± 0.28 0.947
Sampling 4 24.12 ± 0.49 25.17 ± 0.48 0.092
Sampling 5 23.59 ± 0.33 25.19 ± 0.32 0.001
Breech fleece faecal soiling 
Sampling 2 1.64 ± 0.09 1.22 ± 0.08 0.001
Sampling 3 2.31 ± 0.08 2.01 ± 0.08 0.038
Sampling 4 1.77 ± 0.07 1.62 ± 0.06 0.085
Sampling 5 1.96 ± 0.08 1.85 ± 0.08 0.313Page 41 of 46
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Figure legends 741
Figure 1. Graphical diagram of the pasture washer utilised to recover strongylid larvae. 742
Figure 2. Number  of  strongylid  species  detected  by  qPCR/lamb  at  each  sampling  743
occasion. 744
Figure 3. Proportions of lambs with different numbers of strongylid species detected/lamb 745
by qPCR at multiple sampling occasions. 746
Figure 4.  Correlations  between cycle  number  at  which the fluorescence threshold was  747
exceeded  (Cq)  and  log-transformed  FWEC  (eggs/g)  for  lambs  positive  for  only  one  748
strongylid species (all five sampling occasions combined). 749
Figure 5. Comparison  of  the  cycle  number  at  which  the  fluorescence  threshold  was  750
exceeded  (Cq)  with  pasture  larval  count  numbers  (larvae/kg  of  dry  matter)  for  751
Trichostrongylus  spp.  (A)  or  T.  circumcincta  (B).  PCR  amplification  was  from  genomic  752
DNA extracted from material caught following the modified strongylid larval identification 753
procedure for pastures spiked with known quantities of strongylid species larvae (closed  754
diamond), or pasture samples collected from field Paddock S and L (closed square). 755Page 42 of 46
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